Abstract Chelungpu fault reactivation produced the 1999 Chi-Chi earthquake in Central Taiwan in 1999, triggering many landslides over a broad area. The ground damage caused by the Chi-Chi earthquake still influences successive rainfall-triggered landslides. The landslide distribution triggered by heavy rainfall during typhoon Mindulle in 2004 has a high correlation to the landslide sites triggered by the previous Chi-Chi earthquake. This research calculated and ordered landslide data for both the area and distance from the Chelungpu fault. The rank correlation coefficient for measuring two covarying variables is employed to quantify the degree of correlation between the landslide distribution and the Chelungpu fault. A high rank correlation coefficient value demonstrates a highly correlated relationship between the subsequent landslides in 2004 and previous Chelungpu fault activity in 1999.
Introduction
The September 21, 1999 Chi-Chi earthquake, with a moment magnitude of M w 7.6, was triggered by Chelungpu reverse fault reactivation in Central Taiwan. The earthquake produced surface ruptures over 100 km in length from north to south (Fig. 1a) . It followed the boundary between the foothills of the Central Mountain Range to the east and the lowland to the west. More than 2,400 people were killed with enormous damage to properties. About 26,000 earthquake-induced landslides, covering an area of 375,000 ha ( Fig. 2) , were identified from SPOT satellite images, aerial photographs, and field surveys (e.g., Lin and Tung 2003) . Most of the landslides induced by the Chi-Chi earthquake were located to the east of the Chelungpu reverse fault and in the hanging wall (Fig. 1b) . Less than 10 % of the landslides occurred on the footwall. The landslide distribution was asymmetrical with respect to the rupture surface. The majority of the landslides occurred inside a distance of 20 km from the fault surface rupture. The landslide concentration diminished 70 km beyond the surface rupture.
More than 70 % of the landslides induced by this earthquake were smaller than 4,000 m 2 , and most were shallow landslides composed of disaggregated rock and soil (Lin and Tung 2003) . Most of the landslides induced by the earthquake were small to medium in size and typically shallow debris slides on fairly steep slopes. Khazai and Sitar (2003) proposed that the ground motion is the most significant factor in triggering shallow landslides. Shallow landslides are not associated with particular geological characteristics and slope types. An earthquake event will weaken the slope land and cause much slope failure in subsequent sequential typhoons (Dadson et al. 2004) . Lee et al. (2001) also showed that a typhoon in Taiwan would cause peak frequency slope failure after the Chi-Chi earthquake event (Lee 1996) . Consequently, a great deal of loose earthquake remnants was induced which in turn promoted heavy debris flows during subsequent heavy rains. Five years after the Chi-Chi earthquake, typhoon Mindulle ended on June 29, 2004 . This typhoon was introduced with a high-intensity, high-accumulation storm that dumped more than 1,600 mm of rain on Central Taiwan during July 2 to July 4, as shown in Fig. 3 (Chen and Petley 2005) . This severe rainfall event caused flooding and triggered more than 14,800 soil slips and 130 debris flows in Central Taiwan. Visually comparing the landslide distribution between typhoon Mindulle and the Chi-Chi earthquake, see example in Fig. 4 (Chen et al. 2004) , it was found that the landslides in the two events were located primarily to the east of the Chelungpu fault, with both located in the hanging wall of this reverse fault. This implies that there is some correlation between these two events.
Through the interpretation of 894 documented landslides in Central Taiwan induced by typhoon Mindulle, Chen et al. (2004) identified that about 60 % of the landslides during typhoon Mindulle were related to the historical landslides after the Chi-Chi earthquake. This indicates that the landslide locations from typhoon Mindulle are really correlated to the previous Chi-Chi earthquake event. Chen and Petley (2005) also showed that most of the 283 landslides reactivated by typhoon Mindulle in their study site, the Tachia river catchment in Western Taiwan, were initiated during the Chi-Chi earthquake. The large quantity of slope failures implies that many damaged slopes in Central Taiwan were undiscovered after the Chi-Chi earthquake. The Chi-Chi earthquake still affected landslide events even though 5 years had passed.
Various methods and techniques have been used in recent years for landslide modeling (Pradhan and Buchroithner 2010; Pradhan et al. , 2011 Akgun et al. 2012; Mohammady et al. 2012; Pourghasemi et al. 2012; Tien Bui et al. 2012a, b, c, d; Pourghasemi et al. 2013a, b, c, d; Jebur et al. 2013a, b; Pradhan 2013; Zare et al. 2013; Devkota et al. 2013; Pourghasemi et al. 2014; Jaafari et al. 2014; Regmi et al. 2014; Althuwaynee et al. 2012) .
This paper assesses an index to evaluate the postearthquake impact of the Chi-Chi earthquake on subsequent landslides caused by typhoon Mindulle in Central Taiwan. A 
Study area
Taiwan is very geologically active, formed on a complex convergent boundary between the Yangtze sub-plate of the Eurasian Plate to the west and north, the Okinawa Plate on the northeast, the Philippine Plate to the east and south, and the Sunda Plate to the southwest. The study area is located in the central part of Taiwan, between longitudes 120°06′ 10″ E and 121°27′ 28″ E and latitudes 23°12′ 16″ N and 24°44′ 95″ N ( Fig. 1) . It covers an area of about 12,635 km 2 . The altitude of the area ranges from −19 to 3,897 a.m.s.l. The slope angles of the area range from 0°to as much as 77°. This study area is generally on hillslope or slope land; the rock is sandstone and shale alternative. Sandstone with different age exhibits different strength. The hillslope is less than 1,000 m. The central mountain range is 1,000~3,000 m in height, composed mainly of rock slate and others.
Methodology
Digitizing the geometrical data of landslides eVision image-processing software was used to obtain the landslide geometrical data, such as the area size and landslide center. A photo of the landslides in Central Taiwan during typhoon Mindulle (Fig. 3) is first transformed into a black and white image. The black region in the picture is the landside area. For each landslide, the landslide area size is calculated based on the pixel percentage of individual black regions in a specified scale. The central coordinates of each landslide area are determined to represent the landslide location using eVision. Each landslide in this study is represented by the geometrical data of the area size and central coordinates. Table 1 shows an example illustrating the size and central coordinates of the Mindulle landslides using eVision.
Rank correlation coefficient
Spearman's rank correlation (O'Brien and Griffiths 1965) is used when you have two measurement variables and no attribute variables and you want to see whether the two variables covary and whether as one variable increases, the other variable tends to increase or decrease. Spearman's rank correlation works by converting each variable into ranks. If one or both variables are already ranked, they remain unchanged. Two things correlate when they vary together; for example, we expect the land values to fall within the city center.
To determine a rank correlation coefficient, the investigator replaces the precise values of the variables (x i , y i ) by ranks. The largest x i is assigned the rank 1 and the next largest value the rank 2 and so forth. The y i values are also assigned ranks. After assigning ranks, the difference (d i =x i −y i ) between the rank values of each pair is found. The rank correlation coefficient (r s ) is calculated as
where n is the number of paired ranks. The value of d i is the difference in ranks between corresponding x and y (−1≤r S ≤1). The value of r s closing to 1 indicates a strong positive association; closing to −1 indicates a strong negative association and closing to zero indicates no relation. In this study, the variables (x, y) are organized in order by the size of the landslide area and by the distance to the Fig. 4 Comparison of main landslide locations triggered by the Chi-Chi earthquake and typhoon Mindulle Chelungpu reverse fault, respectively. The first four big landslides in Mindulle and their center (x, y) are shown as an example in Table 2 . The first variable (x i ), the landslide area, is ranked in order by size. The largest landslide area is assigned the rank 1 and the next largest rank 2, and so forth. The second variable (y i ), the distance from fault, is also ranked by the value of distance to the fault surface rupture. The landslide location, the farthest away from the fault, is assigned the rank 1 and the next farthest landslide rank 2, and so forth. This table shows that the largest landslide is 4.4 km 2 in size and ordered 1 by size (x i =1). Its distance is 26.9 km away from the fault trace and corresponding orders 1,552 in distance. Therefore, the rank correlation coefficient (r s ) can be computed using Eq. (1) for the given numerical values in the form of ranks.
To capture the meaning of the rank correlation coefficient (r s ), two artificial landslide cases are shown in Fig. 5 . In case A, the largest landslide (A1 circle) is the closest to the fault (line), and the smallest landslide (A10 circle) is the farthest away from the fault. The regular landslide distribution implies a high correlation between the landslides and fault (line). In case B, the landslide size and its distance to the fault (line) are irregular. This means that randomly distributed landslides are irrelevant to the fault (line). The circle size ranks (landslide area) and distance to fault for both case A and case B are listed in Table 3 . Using Eq. (1), the rank correlation coefficient r s =−1 is calculated for case A and r s =−0.2 for case B. The negative value of r s means that the nearby landslide has the largest area. This means that the larger r s value reveals a highly correlated relationship between the landslide and fault.
Results and discussions
To examine the correct implication of the rank correlation coefficient, the Chi-Chi earthquake landslides, which were actually triggered by Chelungpu fault activity as shown in Fig. 2 , are employed as a trial example. The size and center coordinates of each landslide area were obtained using eVision software. The distance to the Chelungpu fault for each landslide was determined. The landslide distribution behaviors in area size and distance to fault are shown in Fig. 6 . It is shown that the major landslide areas induced by the Chi-Chi earthquake were less than 1 km 2 . The distance of these landslides to the Chelungpu fault is less than 30 km. Most of these landslides are located within 10 km.
The landslide area size and its distance are ordered. A high rank correlation coefficient value of −0.95 is calculated using Eq. (1). This means that the area size of the landslide is highly correlated to the distance to the Chelungpu fault. The negative value means that the nearby landslide has a large area size. They have a negatively correlated relationship as one variable goes up, the other goes down. Therefore, the rank correlation coefficient value is capable of capturing this high connection between these two events.
A second landslide distribution trail example in the Chenyulan creek basin in 1996 (Fig. 7) is also examined.
These landslides in 1996 in Central Taiwan were induced by heavy rain accompanied by typhoon Herb (Lin and Jeng 2000) . That is, this landslide event occurred before the ChiChi earthquake. It is actually independent of the Chelungpu fault activity in the Chi-Chi earthquake.
The landslide distribution behavior in area size and distance to fault is shown in Fig. 8 . It is shown that the landslide area triggered by heavy rainfall during typhoon Herb was smaller than that produced by the Chi-Chi earthquake. The landslide area is less than 0.5 km 2 . The landslide distance to the Chelungpu fault ranged from 20 to 50 km. This implies that before the Chi-Chi earthquake, the landslides in Chenyulan creek basin were limited to the Chenyulan creek basin. This event is independent of the Chelungpu fault activity in 1999.
In the same manner, the rank correlation coefficient value of −0.38 is obtained using Eq. (1). This small value of 0.38 implies that the correlation between the landslide events from rainfall in typhoon Herb in 1996 and the Chelungpu fault activity in 1999 was insignificant. The rank correlation coefficient value captures this connection. Thus, the rank correlation coefficient value is used to examine the correlation degree for the landslides in Central Taiwan (Fig. 3 ) triggered by typhoon Mindulle in 2004 and the Chelungpu fault activity in 1999. The landslide distribution behavior in area size and distance to fault, triggered by typhoon Mindulle, is shown in Fig. 9 . It is shown that the landslide areas triggered by heavy rainfall during typhoon Mindulle in Central Taiwan were less than 0.4 km 2 . This is smaller than the landslides induced by the Chi-Chi earthquake. However, after the Chi-Chi earthquake in 1999, the number of landslides in Central Taiwan became increasingly noteworthy. The landslides are close to the earthquake fault (Chelungpu fault), and the landslide range is extended to 40 km far away from the fault.
A high rank correlation coefficient value of −0.91 is obtained using Eq. (1). This means that the landslides triggered by typhoon Mindulle are strongly affected by the previous Chi-Chi earthquake through Chelungpu fault activity. The mountain region ground damage in Central Taiwan from the Chi-Chi earthquake still influences subsequent landslides.
Conclusions
The rank correlation coefficient was used to measure the relationship between two variables that have no attribute variables. For the earthquake landslides induced by Chelungpu fault activity in the 1999 earthquake, a high rank value was revealed in the rank correlation coefficient. The independent landslide events before the 1999 earthquake have a small rank correlation coefficient value. Therefore, the rank correlation coefficient value for measuring two covarying variables is capable of capturing the connection between the landslide distribution (size and site) and Chelungpu fault activity. In 2004, the landslide distribution triggered by heavy rainfall during typhoon Mindulle was very similar to the landslide distribution in the Chi-Chi earthquake. There is a high rank correlation coefficient of −0.91 to demonstrate the highly correlated relationship between these landslides in 2004 and previous Chelungpu fault activity in 1999. This implies that the ground damage in the mountain region in Central Taiwan by the Chi-Chi earthquake strongly influences subsequent landslides. 
